Monitoring of gastric intramucosal pH (pH) is advocated in critical illness to detect tissue acidosis due to regional hypoperfusion. However, the number of patients who may benefit from such monitoring remains unclear and the relationship between low pHi and outcome requires further definition. Sixty consecutive patients with Acute Physiology and Chronic Health Evaluation (APACHE II) scores <30 were studied throughout ICU stay to investigate the incidence of low pHi « 7.32 for ?1 hour), its relationship to outcome, and temporally associated clinical events. pHi was measured 2 to 6 hours post-ICU admission and 8-houriy thereafter. Forty-four patients (73%) exhibited low pHi' Fourteen patients died in ICU with 13 deaths occurring in the low pHi group (P=0.05). Length of ICU stay was greater in the low pHi group (P=0.02). The development of low pHi was temporally associated with maximal sepsis score, weaning from assisted ventilation and commencement of enteral feeding.
Low intestinal intramucosal pH, measured using a saline-filled balloon tonometer, is indicative of splanchnic oxygen deficit I and such a deficit is thought to predispose patients to organ dysfunction and a poor outcome. In animals, hypoperfusion of the gastrointestinal tract is associated with intramucosal acidosis'; in patients, Iow gastric intramucosal pH (pHi <7.35 or <7.32) has been shown to be a prognostic indicator with respect to sepsis, multiple organ dysfunction syndrome and mortalityJ5. Various therapies have been proposed to correct Iow pHi and some appear to improve outcome in patients with midrange APACHE II scores, particularly where the intramucosal acidosis is of short duration". However, this multicentre work has been criticized' because of the unexpectedly high mortality rate in the control population.
Monitoring of pHi may reveal an abnormal state which can be corrected by therapy aimed at conven-tional goals (normal arterial oxygen tension, blood pressure, haematocrit and urine output) without recourse to any proposed specific therapy. Its clinical value will be enhanced if it can be shown to identify an abnormal state which develops or persists despite achievement of conventional goals, particularly if a further therapy is available which corrects the regional acidosis.
The main objective of our study was to determine the incidence of Iow pHi in patients (1) following admission to the ICU after a short period of therapy aimed at conventional goals and (2) during their subsequent ICU stay. Secondary objectives were to investigate the significance of Iow pHi in terms of patient outcome, and to study the temporal association of clinical events with the development of gastric intramucosal acidosis.
MATERIALS AND METHODS
With the approval of the regional research ethics committee, sixty consecutive patients with admission APACHE 11 scores < 30 were studied. Patients with scores < 10 were excluded unless they were judged clinically to be at risk of splanchnic hypoperfusion (e.g. those with multiple trauma and those who had just undergone aortic aneurysm repair). All patients received therapy (oxygen, mechanical ventilation, intravenous fluids, inotropes, blood products, rewarming) aimed at conventional goals 6 (P a02 > 70 mmHg [9. 3 kPaj, mean arterial blood pressure > 70 mmHg, haemoglobin concentration ;:>: 10 g/dl, urine output ;:>: Imllkg/hr, core temperature ;:>: 36 QC) throughout the study period. Patients in whom insertion of a nas%rogastric tube was contraindicated and those with a known allergy to ranitidine were excluded from the study. Recruited patients had a gastric tonometer placed via nas%rogastric routes and the position confirmed radiographically. All received histamine2 receptor blockade using six-hourly intravenous ranitidine (50 mg) to reduce artifacts. pHi was determined two to six hours after admission and eight-hourly thereafter.
When measuring pHi, 2.5 ml 0.9070 saline was instilled into the tonometer balloon and allowed to equilibrate for 30-90 minutes. The saline was then aspirated, the first millilitre discarded and the remainder analysed anaerobically. A simultaneously obtained sample of arterial blood was analysed anaerobically to obtain the standard bicarbonate concentration. All measurements were performed using an Instrumentation Laboratories BGE analyser. pHi was calculated using a modified Henderson-Hasselbalch equation including a time-dependent correction factor to compensate for incomplete equilibration 6 • This technique has been validated in animals 9 , and correlates well with other measures of splanchnic perfusion in humans 'o • Patients in whom pHi was ::5 7.32 had a repeat measurement performed one hour later. If the repeat measurement was < 7.32, this was termed "sustained low pHi". Patients who exhibited sustained low pHi remained within the study with respect to outcome measures but had no further tonometry performed; otherwise pHi measurements were continued until ICU discharge. The clinicians treating all patients in the study were blinded to pHi determinations. Acute Physiology Score (A PS), the acute physiological component of the APACHE 11 11 score, and modified Sepsis Score (SS)'2,IJ were calculated daily. The following clinical events were noted: hypotension (systolic arterial pressure < 90 mmHg for at least 60 minutes) and its duration, hypoxia (lowest P a 0 2 when this was < 80 mmHg [10.6 kPaj), oliguria ( < 0.8 ml/kg/hr), weaning from mechanical ventilation and commencement of enteral feeding. Enteral feeding was administered by pump according to clinical indication and requirement; it was not routinely discontinued prior to pHi measurements. Outcome was assessed in terms of length of ICU stay, organ system failure (OSF)14 and ICU mortality.
Mortality rates and incidence of OSF were compared between pHi groups using Fisher's Exact test; Mann-Whitney test for unpaired samples was used to compare length of ICU stay and illness severity scores. To investigate the possible coincidence of the development of sustained low pHi with various clinical events, an adaptation of the indirect method of standardization was used 15. For each clinical event, a relative frequency distribution (frequency per 24 hour period from admission) was constructed. At every occurrence of sustained low pHi, this frequency distribution was used to estimate the probability that low pHi would coincide with the clinical event by chance alone. These probabilities were then summed to determine the "expected" number of coincidences of low pHi with the clinical event. These were then informally compared with the observed coincidences using the formula, 
RESULTS
The characteristics of the study population are shown in Tables 1 and 2 . (a) Incidence (Table 3) . Sustained low pHi was detected in 73% of patients with mid-range APACHE II scores at some stage during ICU stay. Twelve of these patients exhibited sustained low pHi when it was first measured two to six hours post-admission to ICU, and the remaining 32 developed sustained low pHi during their subsequent ICU stay. (b) Prognostic findings.
The overall mortality rate in the patients studied was 2311,10 ( Figure 1 ). Two of the 13 patients who died in the low pHi group exhibited sustained low pHi in the 24 hours before death while in the remaining 11, sustained low pHi was detected between 2 and 17 days before death (median 6 days). Thirty-one of 44 patients (70%) with sustained low pHi survived until ICU discharge. The largest single (admission) diagnostic group was multiple trauma (12/60). There was one non-survivor in this group and this patient was the only non-survivor in the study whose pHi remained normal throughout ICU stay. Eight of the 12 trauma patients (67%) developed sustained low pHi and all 8 survived ( Figure  2 ). In contrast, of the 14 patients who had infective admission diagnoses, 10 (71 %) subsequently developed low pHi and there were 5 non-survivors among these 10 patients. This difference reached statistical significance (P=0.04).
Sustained low pHi was also associated with an increase in length of stay among survivors (P=0.02).
There was no significant difference between normal and sustained low pHi groups with respect to admission APACHE II score, maximum APS, or maximum SS. A higher proportion of patients with The development of sustained low pHi coincided with the day of the maximum SS (excluding coincidences when the maximum SS was < 10) in 34070 (15/48') of potential occasions (Table 4 ). It coincided in 27070 (13/49 1 ) of potential occasions with the "day of maximal weaning" from assisted ventilation (Synchronised Intermittent Mandatory Ventilation, SIMV). The day of maximal weaning was defined as the day on which the greatest reduction in ventilatordelivered minute volume was imposed. Onset of sustained low pHi coincided with the commencement of enteral feeding in 18070 (8/44) 
The observed coincidences of other events with the onset of low pHi did not significantly exceed the expected number: the development of sustained low pHi coincided with the day when hypotension was most prolonged in 16070 (7/44) of patients, in 11 070 (5/44) with the day of lowest recorded (P 0 and in a 2' 27070 (12/44) with the greatest physiological instability, as indicated by maximal APS. On the day when sustained low pHi was first recorded, 30070 (13/44) of patients were oliguric; in patients with normal pHi the incidence of oliguria on anyone day was 31070 (18/59 ). Seven of the 44 patients who developed sustained low pHi were receiving 5-15 mcglkglmin dopamine at that time; five of the 16 patients in the normal pHi group received dopamine at this dosage.
Having reported the events that coincided with the onset of sustained low pHi, it is also of interest to express some of the results as an occurrence rate of mucosal acidosis during some of the recorded events. In 28070 (13/46) maximal weaning. Nine of the 13 non-survivors in the sustained low pHi group did not make sufficient clinical progress to permit any attempt at weaning. In three of the four non-survivors in whom weaning was attempted, sustained low pHi developed after its commencement; the fourth non-survivor exhibited sustained low pHi prior to the weaning attempt. 79070 (22/28) of patients who had a SS ~ 10 on at least one occasion exhibited sustained low pHi while in the ICU. The corresponding figure for those whose SS < 10 was 69070 (22/32) .
DISCUSSION
This study sought to answer several questions: (1) Among medical and surgical intensive care patients without gross disturbance of commonly monitored physiological parameters, what is the incidence of sustained low pHi? (2) How commonly does pHi which is normal within 24 hours of admission to ICU become low despite ongoing therapy? (3) What is the clinical significance of sustained low pHi in terms of patient outcome? (4) When sustained low pHi does occur, what clinical events appear to be temporally-associated with its development?
Answers to these questions should help us assess the pHi tonometer's usefulness as a monitor in complementing more established monitoring techniques in the ICU.
As Fiddian-Green has proposed a concept of "compensated shock;' which he claims is not detected using conventional physiological monitoring;6 we elected to study patients whose physiological parameters were not grossly deranged. Since these patients would not exhibit high APACHE II scores, we used this scoring system as a means to exclude patients with evidence of "uncompensated shock" from the study. The choice of an APACHE II score of 30 or more was purely arbitrary in this respect. A score ~ 10 was used to recruit patients but a score < 10 was not an exclusion criterion if there were clinical reasons to suspect such a patient might be at risk of splanchnic hypoperfusion. Tonometry is unlikely to add useful information in patients whose monitoring already suggests inadequate perfusion. We did not include patients with a single low pHi reading in the low pHi group as these patients would not require pHi-directed therapy (if this is available) in the clinical situation. Previous work assessing the prognostic implications of low pHi in ICU has been largely restricted to its detection in the first 24 hours following ICU admission.
Anaestht5ia and IntenSIve Care, ~"()/. 23, No. 3, June, 1995 It is clear from our results that sustained low pHi is a common phenomenon in the ICU. We have found that most episodes occur not within the first 24 hours, but at a later stage during intensive therapy. Sustained low pHi occurring during feU stay is associated with both increased mortality and increased length of stay among survivors. We report sustained low pHi, monitored eight-hourly, to have a sensitivity of 93070 as a prognostic indicator of ICU mortality. This result may be helpful in determining how frequently pHi should be monitored in the ICU. Poor association between low pHi and admission APACHE II score has already been reported J ,17, and our results confirm that low pHi identifies an "at risk" group of patients not identified by this score, or indeed by APS or SS.
It is appropriate to question whether the low pHi we detected prior to death was a metabolic measure of the process of death rather than a measure of a pathological state which, if uncorrected, might lead to death. Data from other workers (who detected "final gatric intramucosal pH values of <7.32" in all studied non-survivors)!7 could be interpreted in this fashion. However, in our study, the vast majority of those who died had exhibited their sustained low pHi >48 hours (median six days) before their demise. We believe, therefore, that measurements of low pHi are not simply measures of a terminal phenomenon. Rather, our data support the idea that this abnormal parameter is a measure of a state which is detrimental, and if we can intervene to reverse this state we may improve outcome.
Although sensitive, low pHi is clearly a relatively non-specific marker (specificity=33070) as almost 70070 of patients who developed sustained low pHi recovered without pHi-directed therapy. Despite designating 7.32 as the lower limit of the normal range (being two standard deviations from the mean!6), and excluding patients with a single low reading from the analysis, we report a specificity lower than both Doglio' and Maynard!8. The latter investigators report a specificity of 62070 but all patients in their study had clinical evidence of tissue hypoperfusion at recruitment and 60070 required vasopressor support.
It is possible that other patient characteristics can be identified which, when taken in conjunction with low pHj, might improve its specificity. Diagnostic group could be of value in this respect. We detected a 50070 (5/10) mortality rate among patients with infective admission diagnoses who subsequently developed sustained low pHi in comparison with 0070 (0/8) mortality among patients admitted with multiple trauma who subsequently exhibited sustained low pHi' The combination of sepsis and low pHi has previously been proposed as a detrimental one'. The three phenomena which were identified as being temporally related to the development of sustained gastric intramucosal acidosis were sepsis, weaning from SIMV, and enteral feeding. Prolonged hypotension has previously been implicated as a possible cause of low pHi in critically ill patients!', largely on the basis of extrapolation from experimental haemorrhage in animals 2 ,20. It would appear from our results that this is a relatively uncommon culprit in the critically ill receiving conventional therapy. The incidence of urine output < 0.8 mllkg/hr on anyone day was 30070 in both normal and low pHi groups, rendering the construction of a relative frequency distribution unhelpful and therefore X2 was not calculated for coincidences with this event.
Previous investigators have linked low pHi with sepsis (of various definitions)J, 16,21. Given that low pHi appears to indicate the position of a dynamic equilibrium (oxygen supply versus oxygen demand) it is perhaps not surprising that we did not observe an association with sepsis until an attempt was made to relate its development to the time course of the septic process. We found no difference between normal and sustained low pHi groups with respect to maximum SS, but when sustained low pHi developed, in 34070 of occasions it did so in the same 24 hour period as not only a SS ~ 10 but also the peak of such a septic episode, as indicated by the highest SS.
There are practical difficulties in studying such temporal associations since potentially adverse events may occur over a protracted period of time, e.g. weaning is commonly performed over several days. In an attempt to overcome this we developed the concept of the day of maximal weaning. Another problem is that insults may be progressive and/or additive until a critical point when regional oxygen demand outstrips supply. For each patient, we noted the peak of each clinical event, with the exception of enteral feeding, where commencement was judged to be more appropriate.
Weaning from SIMV seems to be a factor in the development of a gastric intramucosal acidosis. This may be a result of the increased oxygen demand associated with the increased work imposed upon the respiratory muscles. Studies in animals with endotoxic and cardiogenic shock have shown that mechanical ventilation can increase splanchnic and cerebral blood flow 22 ,23. Perhaps it is not surprising that when such ventilatory assistance is withdrawn in critically ill patients, splanchnic perfusion may be reduced, presumably as a consequence of redistribution of blood flow to the respiratory musculature. If we accept that low pHi, however nonspecific, is an adverse prognostic indicator, it is disconcerting that 28070 of all weaning episodes in the total group (i.e. all 60 patients) were associated with the occurrence of low pHi' The gastric tonometer may not only be useful to direct specific therapy, but also to direct conventional therapy; for example the rate at which ventilatory assistance is withdrawn, and identification of inappropriate times to commence such weaning.
In critically ill patients, enteral feeding, where possible, is generally regarded to be preferable to that by the parenteral route. However, whether enteral feeding is preferable with respect to intestinal perfusion is debatable. In healthy adults, the presence of food in the intestine may produce an increase in local blood flow, but it has been shown that when the regional perfusion is already barely adequate to satisfy demand, the presence of food in the intestine can increase oxygen demand beyond that which can be satisfied by the available delivery'·. It has been suggested that enteral feeding may produce the same effect in the intensive care situation l6 • Our results lend some credence to this view. We do not suggest that enteral feeding should be discouraged in general, rather that its continuance should be reviewed if pHi falls in apparent response to its commencement. CONCLUSIONS 1. Sustained splanchnic oxygen deficit, as indicated by pHi < 7.32 for > 1 hour, develops in most I CU patients receiving therapy aimed at conventional end-points. 2. Sustained low pHi is associated with increased mortality and such low pHi often develops many days before the patient's eventual demise. Among survivors, sustained low pHi is associated with increased length of ICU stay. 3. The majority (70UJo) of patients who develop sustained low pHi recover with conventional therapy. Low pHi is therefore an early prognostic indicator with respect to mortality, although not a particularly specific one. Specificity may be improved by interpreting low readings in conjunction with diagnostic group. 4. Commonly used scoring systems, including APACHE Il, are not of value in identifying patients who have or are likely to develop low pHi' 5. This study suggests that sepsis and weaning from SIMV can contribute to gastric mucosal acidosis and that enteral feeding may also have an adverse effect on this parameter.
